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HARMONIC GENERATION IN Nd:L ASER-PRODUCED PLASMAS

There have been many observations of second harmonic ligh t~~
8

emitted fr om laser-produced plasma. However , there have been no

reported observations of third or higher harmonic emission in plasmas

generated by a Nd:glass laser , although third harmonic light°~~° and

higher harmonics11 have been observ ed fr om CO2 laser-produced pl.aima s.

We report here the first observations of the third, four th, and

f i f th  harmonics lines produced when a high irradiance Nd:laeer beam

(1.06 tam) is focused onto a target. It is generally thought that

integral harmonic emission is generated at or near the critical surface

• (where fundamental and local plasma frequencies are equal) and,

therefore, can yield information on density gradients and electric

fields in this region of the p lasma.2’12 (A slower fall—off in the

intensity of the harmon ics would be an indication of a steeper densi ty

gradient or a higher field streng th.) Thus, information on the

harmonic emission is important itt understanding the laser-target

absorption process. Thee. emissions may also interfere with diagnos tic

light prob, studies ea ch as shadowgraphy, interferometry, laraday

rotation, etc1 which use light at the harmonic frequencies of the ~• WMts SactIsa~~incident laser beam As an example, a t ime-integrated photograph of ~~ ~~~~
• third harmonic emitted light (351+6 t) taken through an interference 0

filter (35~e6 ± 50 X) is shown in Pig. la . The small spatial extent

Note : Manuscript submitted September 28, 1977. ~~~~~~~~~~~~~
Bbs AVAIL and/n SPtCIM.
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of the emission (~ 5 urn) , even though averaged over time and spread

- 
-

, 
by refraction effects, is indicative of a very localized emission

region and, perhaps, of steep density gradients neat the critical

density.

The experimental arrangement is shown in Fig. lb. One beam

(6— 10 .1) from the NRL Pharos II Nd:laser (1.06 wa) operating at

75-psec pulse duration (FWHM) was focused at normal ir~idence onto a

polystyrene (CR) slab target in an evacuated (~ 10
’ Torr) chamber

using an ff1.9 aspheric lens, Prepu].sea were monitored on each shot

and did not exceed 1. uJ in these experiments. The half-energy focal

diameter was measured 13 to be 30 urn yielding an average irradianc. . of

1016 W/cm2. A focal-shift monitor14 ensured that the target was in

focus on each shot. The fractiona l absorption of laser light was

inferred to be 504 by measuring the light backscatterad through the :
focusing lens and outside the lens with calorimeters.15 Silmaltaneous

observations of the harmonic light were made with a 3/14-m Czerny-

Turner mount spectrograph (resolution in first order 1 A for a
slit width of 100 iam) and an interference filter - photovoltaic silicon

photodiode combination (E.G.G. UV-lOO B biased to - 22~ V). These

detectors viewed the target at 1450 to the target normal and in a

(horizontal) plane at 145° to the plans of the incident laser’s electric

field. The rise t ime of the photodioda and recording oscilloscope was

2 nsec, and the photodiod. was proved linear in the range discussed

hare . Care was taken to bloc k the higher order spectra from entering

the spectrograph. An achromatic optical train was achieved by using

2
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a spherical and a flat mirror to focus the plasma onto the spectrograph

slit. Three types of film were used in the spectrograph to cover the

range of wavelengths and sensitivities encountered in this experiment,

i.e., Kodak I-Z plates, Kodak Royal-X Pan , and Polaro id Type 57. (All

spectra required only one shot.)

Microdensitometer scans of representative t ime-integrated spectral

profiles for the fundamental emission, 
~~ 

and the integral harmonics

through the f i f th , 5w0, are shown in Fig. 2. The wavelength of each

harmonic is indicated by a vertical dashed line. The peak of the

fundamental line is blue-shifted by about 13 1. If the shift (13 1)

is a Doppler shift , this would correspond to an average outward

velocity of the reflecting surface of 3 X id7 cm/sec. A blue shift

of the fundamental has also been observed by others , 10 However, the

• centroids of the rest of the harmonic lines are red-shifted. It

appears that the scattered fundamental line is produced by a

differen t mechan ism or spectral region than that which produces the

harmonic linea . The line at 2128 A is j ust resolved above the

plasma continuum. To observe this harmonic line , the spectrograph slit

was opened to 500 urn so that the resolution was reduced to 5 A.

Because of the expected low signa l level , we did not attempt to

observe at 1773 J, All of th. observed harmonic spectra l widths

are large compared to that of the incident laser width (.w 1 A).

The spectral widths (PWHM) for the second , third , and fourth

• harmonics in wavelength and freq uency units (to facilitate a comparison

with theory ) are shown in Table I. It is seen that the spectral half-

* 
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widths in frequency units change at most by 60%, whereas the half-

widths in wavelength units change by almost a factor of 3. The

observed spectral broadening thus involves mechanisms otle r than

Doppler broadening (either due to random or non-local mass motion)

• such as instabilities and magnetic fields.16

Assuming shot-to-shot reproducibility of the over 150 data

shots, relative (total) intensities of the harmonics measured with

the silicon photodiode-interference filter are shown in Fig. 3. These

values of relative intensity are corrected for the transmission and

the band pass of the filters and the spectral responsivity (given -

by the manufacturer) of the silicon photodiode. The error bars

indicate the estimated error in the measurement due to the spectral

responaivity uncertainty and the signal-to-noise ratio. There is

a large decrease (
~
.. 2 X 102) in the intensity of the second harmonic

relative to the reflected or scattered fundamental ; however, the 1 1
next three harmonics decrease in steps of less than a factor of 10.

These ra tios of harmonic line intensities are the same (within a

factor of 5 over a range of 5 orders of magnitude) as the corresponding

harmonic intensities reported by the National Research Council Group”

in Ottawa, Canada, using a CO2 laser at an irradiance of

I = W~~ W/csa? This fact suggests that a comparable interaction

takes place in Nd: and C02 : laser irradiat ion which scales as fl2.

In sumesry , we report emission spectra and relative intensities

of the fundamental and second through the fifth harmonics of the

incident laser line when a Nd: laser (1016 W/cm2) is focused onto a H

- -- - 



CR slab target. The emission is sufficiently intense that the contrast

in diagnostic probe studies at these harmonic wavelengths would be

adversely affected. (This difficulty has been obviated at NRL by

• shifting the probe wavelength using a R.aman cell to a nonharmonic

wavelength’!’) Although the present theories of optical absorption

of intense light in plasma have not yet predicted the ratios, widths,

and shifts at the higher harmonics, these harmonics should be directly

related to the absorption process and would aid in estimating density

gradients and electric fields produced in the absorbing layer.

Hopefully, these experimental results will stinvlate the appropriate

theoretical explanations. An interesting result of this study is

that the spectra and relative intensities of the harmonics ~roduced

in Nd:laser-target interactions at 10 16 W/cin~ are striki ngly similar

to recent results’3’ found in co2 laser-produced p]astnas at iO’~ W/cu~.
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Table 1 — Spectral half.widths (FWHM) of the ha~in~. nics in frequency and
wavelength units. The estimated error from the photographic plate calibra-
tion and a sigall number of representative shots is ± 10%.

HARMONIC

r r ad sec ’l

2w0(5320 ~) 1.9 x 10~~ 29

3w0(35147 $~.) 17 x 11

11w0(2660 A) 2 ,7 x iO~~ 10
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Fig. 1 — a) A time-integrated photograph of the third harmonic light (3546 A)
emitted tangential to the target surface when a 75-psec, 1016 W/cm2 laser pulse
strikes a CH 2 plane target. The laser beam was incident from the left. A 3547 A
interference filter with a bandwidth of 50 A was used in front of the camera.
b) The experimental arrangement.
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Fig. 3 —  Int en0sities of the harmonics relative to the fundamental
emission at 45 to the incident laser besm. The error bars are esti-
mated from the spectral responslvity uncertainty and the signal-
to-noise ratio.
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